The objective of the study is research on a biofilter existing at a mechanical-biological waste treatment plant in Radom. The paper presents results of research on the filling of the analysed biofilter (moisture, organic matter content, nutrient content, pH, grain size composition, and equivalent diameter), process gases (temperature, humidity and pH, concentrations of the main pollutants -ammonia, hydrogen sulphide, volatile organic compounds, acetic acid, ethanol) and operational parameters (flow rate, height of the biofilter layer, surface load, gas residence time in the filter bed). Irregularities were observed related to biofiltration efficiency, particularly resulting from improperly selected filling material and improper biofilter operation. The technological research permitted the identification of problems and determination of the requirement of performing necessary operational changes. Further works will involve the design, manufacture, and installation of an integrated biofilter with two-stage gas purification process (a classic biofilter and a semi-permeable membrane). 688 processing stage (mechanical/biological part) and to the phase of biochemical process [3, 4] .
Introduction
Process gases from municipal waste treatment contain numerous organic (volatile fatty acids, aldehydes, ketones, alcohols) and inorganic compounds (hydrogen sulphide, ammonia) [1] . They are tedious for the surroundings due to their intensive unpleasant smell. They can also negatively affect human health and the environment. Their emission to the atmosphere causes progressing deterioration of the atmospheric air quality, and constitutes a serious hazard for health and life [2] . The origin and expansion of smell in mechanical-biological treatment (MBT) process of municipal solid waste (MSW) particularly depends on waste composition, applied technology, including the type of the conducted process in the biological part (aerobic/anaerobic), degree of air-tightening, way of managing the process in the installation, and possibility of capture and purification of emitted process gases. The composition of gases from MBT plants is related to the with a mix of stumpwood chips and pine bark or stumpwood chips with pine bark and green waste compost with moisture from 42.7 to 66.3 %, were characterised by flow resistance in a range of 3.8-5.4 hPa [13] . According to German findings [10] , flow resistance is in a range of 6-12 hPa in biofilters with filling in the form of compost from waste, with moisture of 50-65 %, functioning with surface load of up to 90 m 3 /(m 2 · h).
The presence of moisture in the filling layer favours the process of microbiological oxidation. It is the basic condition providing for optimum activity of microorganisms [14] . It largely determines the efficiency of gas treatment. The moisture of the filling and height of its layer are the most important parameters for maintaining proper functioning of a biofilter. More than 50 % of operation problems are related to the moisture of the filter bed. According to VDI 2004, moisture should be maintained in a range of 30-60 %. The paper [15] specifies the optimum content of water in compost filling of biofilters from 20 to 40 %, and for soil biofilters 10-20 %. Moisture of 10-20 % for soil biofilters is confirmed [16] , and for compost and peat biofilters it is specified to vary from 30 to 80 %. In general, the value of recommended moisture in biofilters is 40-60 % of the water-holding capacity of the media, depending on the filtering medium used [11] . Excessive saturation with water of the filtering medium contributed to the occurrence of anaerobic conditions and stagnation zones with limited [8] , an increase in flow resistance and energetic requirements, and a decrease in biofiltration efficiency. Insufficient water content causes cracking of the medium, and a decrease in microbiological activity [16] , also contributing to a reduction of gas purification efficiency.
Proper content of organic matter in the filtering medium is also necessary for maintaining the proper amount and activity of microorganisms. According to [17] , the content of organic material in the biofilter medium should amount to a minimum of 55 %, and the ration of elements C:N:P -100:5:1. Pursuant to [10] , the proportions between carbon, nitrogen, and phosphorus should be maintained at a level of 200:10:1.
The filtering medium should be characterised by grain composition allowing for the equivalent diameter of its grains to be larger than 4 mm [16] . pH of the filling material should be within a range of 6-9 [6, 16] (a decrease below such values frequently results in a decrease in biofiltration efficiency). Temperature in the filtering medium is related to the activity of microorganisms and temperature of the treated gas [6] . According to [14] , optimum temperature values amount to 25-40 °C, and pursuant to [15] , they should not exceed 50 ºC. The adopted optimum range is 25-40 °C [6] . According to [18] , the optimum temperature of the process amounts to 37 °C. [16] provide examples of operation of biofilters at a filtering medium temperature below 10 °C.
Before the biofiltration process, gases should be moistened to the state of saturation [6] , and their temperature should not exceed 60 °C. Its recommended range varies from the minimum above water freezing temperature and maximum of 40 °C [14] .
Objective and scope of the study
The objective of the study is research on a biofilter existing in a MBT plant, taking into consideration its filling material (filter bed), process gases (raw and treated), operational parameters, and efficiency. The research results will provide the basis for the development of a new integrated biofilter with two-stage gas purification process to optimise the operating parameters and to achieve a significant reduction of emissions at a low cost for biofiltration of various processing gases.
Study object
The study object is a biofilter located in the premises of a MBT plant in Radom (Poland). It is an open surface biofilter, with dimensions of 13.25 m x 29.89 m (biologically active area: 396 m 2 ). Process gases discharged from the preliminary processing hall and hall of biological treatment of MSW are directed to a scrubber, and then to the analysed biofilter. It offers a possibility of purification a maximum 45 000 m 3 ·h -1 gases.
The filling material is composed of: wood chips, edgings (chopped spruce wood), bark, fibrous peat, and heather. Areas covered with branches, moss, and wood chips were observed on the surface (Fig. 1 ). The height of the biofilter layer varies from 0.5 to 0.7 m. This is due to the unequal settling of the filling layer and the lack of care treatments (including supplementing of the filling material) carried out by the operator. 
Scope of the study
Research conducted in the scope of this study, constituting its first stage, included: 1. analysis of the biofilter bed: moisture, organic matter content, nutrient content, pH, grain size distribution, and equivalent diameter; 2. analysis of gases before and after purification: temperature, humidity and pH, concentrations of the main contaminants (hydrogen sulphide, volatile organic compounds -VOC, acetic acid, ethanol); 3. assessment of the operating parameters: flow rate, height of the biofilter layer, surface load, gas residence time in the filter bed.
Study methods
The research was conducted based on the methodology presented in Table 1 . Samples from the surface of the biofilter (from a surface source) were collected with the application of a shield eliminating the effect of external conditions. For this purpose, a glass funnel set on the surface of the filling layer inside a metal or plastic cover was used.
A pipe used to collect gases or a thermoanemometer probe was input into the screened funnel. 
Study results
Tables 2 and 3 present study results concerning the filling materials in the analysed biofilter, process gases, and operational parameters. 
Analysis of results and discussion
Five measurement series were carried out -between 7th of February and 24th of April 2017. The tested biofilter is the open installation (without the chimney), so samples of gases were taken from its surface and were collected with the application of a shield eliminating the effect of external conditions (described in Study methods).
The material filling the biofilter was sampled during three measurement series (between 7th of February and 24th of April 2017), each time from three places of the installation. The sampling points are presented in Figure 2 as I, II, III. The obtained results show that material filling the analysed biofilter is characterised by very high content of total organic substance and organic carbon -from 90.4 to 93.3 % and from 43.2 to 46.4 %, respectively ( Table 2 ). No considerable differences were observed in the duration of the research cycle (during the measurement series -7th of February, 17th of March and 24th of April), irrespective of the place of sampling. The ratio C:N:P (200:11:1) is in accordance with values recommended in the literature [10] .
Equivalent diameter of the filling varied from 12.5 to 13.7 mm (Table 2) , corresponding with values indicated as proper ones -larger than 4 mm [17] . Large pieces of the branches (Fig. 3 ) cover the fragments of the filter only on the surface (they constitute only a thin layer on the surface of the filter bed).
The obtained results show very high moisture of the applied material filling the analysed biofilter, maintained at a constant level (approximately 77 %) during the research cycle, irrespective of the place of sampling ( Table 2 ). The level of moisture determined based on the conducted research exceeds recommended values [10, 14, 16] (although they depend on the type of filling material), what creates the hazard of occurrence of anaerobic zones.
The pH of the filter bed varied from 5.41 to 5.80 ( Table 2) . The values are below the recommended level [6, 16] .
The height of the filter bed is variable, and ranges from 0.5 to 0.7 m ( Table 2) . Values at this level are indicated as minimum values for efficient operation of the biofilter unit [10] . However, the diversified height of the filling layer, caused by improper operation, will affect the distribution of the air flow because the resistance is different and more air will flow though the spots with less height, contributing to smaller efficiency.
Temperature inside the filter bed was maintained in a range from 15.5 to 31.5 °C (Table 2) , and largely depended on the temperature of the surroundings.
The analysed biofilter is a surface open biofilter operating with proper surface load varying from 76 to 94 m 3 /(m 2 · h). It is, however, characterised by short time of residence of treated gases in the filter bed -from 23 to 28 s ( Table 2) Process gases were sampled during five measurement series. Raw gases were sampled in the place of their introduction into the biofilter (Fig. 3) , and purified gases -each time from three places of installation (Fig. 2) . The basic parameters of raw gases (humidity, temperature, content of main contaminants) are correct, and do not disqualify them from purification with the application of biological methods.
Irregularities were recorded, however, related to the efficiency of biofiltration, particularly resulting from improperly selected filling material and improper operation of the biofilter. In reference to contaminants contained in raw gases in small amounts (ethanol, acetic acid), 100% purification efficiency was determined (Table 3 ). However, the high water solubility of these compounds also contributes to purification efficiency. In addition, the detection threshold of the measuring method of ethanol and acetic acid should be considered (Table 1 ). In the case of contaminants occurring in higher concentrations VOC, the efficiency was considerably lower, and adopted variable values -from 14 to 84 % (Table 3) . Moreover, in different places of installation, secondary contamination periodically occurred (an increase in VOC emission, which means an increase in VOC concentration in gases after biofilter probably caused by the development of anaerobic processes in the filter bed or by the decomposition of unstable filling material). A change in the operation conditions caused no substantial changes in the efficiency of removal of the main contaminant, namely VOC.
The removal of hydrogen sulphide with the application of the analysed filter was also maintained at a variable level -from 20 to 100 % (Table 3 ) -in spite of the concentration at the level of 0.4-0.5 ppm in raw gases -detected only periodically. Also in this case, secondary contamination was observed, manifested by an increase in hydrogen sulphide emissions (after biofilter), which was most probably caused by the appearance of anaerobic zones in the filling layer.
Conducted study points out that increased concentrations of VOC and hydrogen sulphide in gases after biofiltration result from improper operation of the installation, related to the maintenance of excessive moisture of the filter bed. This results in the aerobic-anaerobic character of processes occurring inside the layer.
Ammonia was not detected either in raw or purified gases.
Summary and conclusions
The study shows that the analysed biofilter is characterised by correct surface load, and the treated gases -by correct basic parameters permitting their purification by means of biotechnological methods.
The filter filling constituted material with favourable content of organic and nutrient substances, however with excessive water-holding capacity, which makes it difficult to maintain humidity at the proper level. The variable results concerning biofiltration efficiency reveal the non-homogenous character of gas flow through the filter bed and presence of inactive zones in the filter bed. Irregularities related to biofiltration efficiency particularly result from improperly selected filling material and improper operation of the biofilter. They result from the maintenance of excessive moisture in the filter bed, leading to the aerobic-anaerobic character of processes occurring inside it. However, not only excessive filling humidity is the reason for the decrease of biofiltration efficiency. It is also necessary to take care of treatments consisting in maintaining a constant height of the filling layer and the correct surface (without moss, branches and plants).
Technological research suggests the requirement of performing necessary operational changes in the scope of: 1. applied filling materials -exchange of the filter bed, 2. moisture of the filter bed -operation permitting the maintenance of moisture in a range of 20-60 %, 3. pH of the filter bed -selection of the proper filling material and operation permitting the maintenance of pH in a range of 6-9, 4. height of the filling layer -control of the thickness of the layer, and its maintenance at a constant level of approximately 1 m which should be persistent over the entire biofilter surface, 5. time of residence of gases in the filter bed -extension of the residence time through the adjustment and control of the thickness of the filling material layer. Further works will involve the design, manufacture, and installation of an integrated biofilter prototype, research on the integrated biofilter (semi-technical scale) -concept verification and modification of the biofilter existing at the mechanical-biological waste treatment plant (which was tested in this work) according to the guidelines obtained at previous stages. The integrated biofilter is intended to conduct a two-stage gas purification process. Stage I will be a classic biofilter, and stage II -purification with a semi-permeable membrane.
The following further results are expected: the membrane covering the biofilter (the second stage of purification) will permit better control of the processes; the membrane as a specific type of biofilter cover will help maintain proper moisture in the biofilter layer; the membrane will also be important in the purification processes (sorption and biodegradation); the membrane will minimise the microorganism emissions from the biofilter.
